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Purpose: The determinants of areal bone mineral density (aBMD) and hip geometry 26 
estimates in adolescent athletes are poorly understood. This study aimed to identify the 27 
determinants of aBMD and hip geometry estimates in adolescent male athletes. Methods: 28 
One hundred twenty one males (13.1±0.1 years) were measured: 41 swimmers, 37 29 
footballers, 29 cyclists and 14 controls. Dual energy X-ray absorptiometry (DXA) measured 30 
aBMD at lumbar spine, femoral neck (FN) and total body. Hip structural analysis evaluated 31 
hip geometry estimates at the FN. Multiple linear regression examined the contribution of the 32 
sports practised, stature, lean and fat mass, serum calcium and vitamin D, moderate to 33 
vigorous physical activity (MVPA), vertical jump and cardiorespiratory fitness (CRF) with 34 
aBMD and hip geometry estimates. Results: Region specific lean mass was the strongest 35 
positive predictor of aBMD (β = 0.614 - 0.931) and football participation was the next 36 
strongest predictor (β = 0.304 - 0.579). Stature (β = 0.235 - 0.380), fat mass (β = 0.189), 37 
serum calcium (β = 0.103), serum vitamin D (β = 0.104 - 0.139) and vertical jump (β = 0.146 38 
- 0.203) were associated with aBMD across various specific sites. All hip geometry estimates 39 
were associated with lean mass (β = 0.370 - 0.568) and stature (β = 0.338 - 0.430). Football 40 
participation was associated with hip cross-sectional area (β = 0.322) and MVPA (β = 0.140 - 41 
0.142). CRF (β = 0.183 - 0.207) was associated with section modulus and cross-sectional 42 
moment of inertia. Conclusions: Region specific lean mass is the strongest determinant of 43 
aBMD and hip geometry estimates in adolescent male athletes. Football participation and 44 
stature were important determinants for aBMD and hip geometry estimates while the 45 
contribution of the other predictors was site specific. 46 
 47 
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  During growth and maturation changes in bone density and geometry occur in order 52 
to withstand the forces applied through external loading of the skeleton (9). Peak bone mass 53 
is achieved by early adulthood and is largely determined by non-modifiable genetic factors 54 
(4). However, modifiable factors, such as nutrition (24) and physical activity (11), are also 55 
known to alter peak bone mass. Exercise can significantly enhance areal bone mineral density 56 
(aBMD) and strength at loaded sites in children but not in adults (25). Optimal bone 57 
development can be achieved with adequate status of key nutrients, such as calcium and 58 
vitamin D, and may attenuate exercise-induced adaptations of aBMD (15). The type of sport 59 
practised can affect the skeletal development differently depending on training characteristics 60 
(35). Participation in weight bearing sports, such as football, is associated with greater areal 61 
bone mineral density than non-weight bearing sports, such as swimming and cycling (8, 38). 62 
However, it is poorly understood why the differences exist between different athletic groups 63 
and there is limited understanding of the determinants of aBMD and hip geometry in 64 
adolescent male athletes. 65 
 Total body lean mass has a positive association with aBMD in the growing skeleton 66 
(10) but controversy currently exists surrounding the association between fat mass and aBMD 67 
(6). There is no evidence distinguishing the site specific effects of lean mass and fat mass on 68 
aBMD in adolescent athletes and there are inconsistencies in the use of confounders to adjust 69 
bone parameters in non-athletic groups. Data on non-athletic prepubescent females indicate 70 
that leg lean mass is the most important predictor of bone mineral content at the leg and 71 
femoral neck sites (3). Although a positive association between fat mass and aBMD has been 72 
reported in non-athletic adolescents males and females (31), this is explained by an increase 73 
in lean mass (12). To date, there is no evidence explaining the effects of lean and fat mass on 74 
bone outcomes in adolescent athletes, which is of great interest due to the importance of body 75 
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composition in athletic groups. Cardiorespiratory (CRF) and muscular fitness (vertical jump) 76 
have also been found to be positively associated with bone outcomes in non-athletic 77 
adolescents (1, 13), but their contribution on bone parameters in adolescent athletes is poorly 78 
understood. 79 
 Geometric properties of the hip, such as cross-sectional area (CSA), obtained by using 80 
hip structural analysis (HSA) software, can provide further insight into the determinants of 81 
bone hip geometry estimates (19). During growth, bones adapt their geometry due to 82 
increases in stature, lean and fat mass (3) and geometric parameters of the femur neck (FN) 83 
are closely adapted to lean mass (27). The primary predictor of bone hip geometry in non-84 
athletic boys and girls is muscle CSA, accounting for 10 – 16 % of the variance (22), while 85 
other factors such as moderate to vigorous physical activity (MVPA) can have a site specific 86 
influence on bone geometry (23).  87 
 As highlighted above, numerous factors have been shown to be related to bone 88 
outcomes in non-athletic adolescents, but the determinants of aBMD and hip geometry in 89 
adolescent male athletes have yet to be comprehensively investigated. Therefore, this study 90 
aims to provide novel insight into the contribution of the independent predictors of sports 91 
participation (football, swimming and cycling), stature, region specific lean and fat mass, 92 
serum calcium and vitamin D, MVPA, muscular fitness and CRF (all adjusted by each other) 93 
on aBMD and hip geometry estimates in adolescent male athletes. It is hypothesized that 94 
football participation, lean mass and stature would be the most important determinants of 95 
aBMD and hip geometry estimates in adolescent male athletes. It is proposed that other 96 
modifiable factors (e.g. nutrition, MVPA and fitness) would have a small but significant 97 




Study design and participants 100 
Participants comprised 121 adolescent males (41 swimmers, 37 footballers, 29 101 
cyclists and 14 controls) participating in the PRO-BONE (effect of a PROgram of short bouts 102 
of exercise on BONE health in adolescents involved in different sports) longitudinal study 103 
(39). The data in the current study are taken from the baseline data of the PRO-BONE study 104 
and was completed between autumn and winter 2014/15. The inclusion and exclusion criteria 105 
were: 1) males 12–14 years old, engaged (≥3 h/week) in osteogenic (football) and/or non-106 
osteogenic (swimming and cycling) sports for the last 3 years or more; 2) active males 12–14 107 
years old who were not engaged in football, cycling and swimming (≥3 h/week) in the last 3 108 
or more years but who were physically active (control group); 3) not taking part in another 109 
clinical trial; 4) not having an acute infection lasting until < 1 week before inclusion; 5) to be 110 
free of any medical history of diseases or medications affecting bone metabolism; 6) to be 111 
white Caucasian.  112 
Participants were recruited from athletic clubs and schools across the South West of 113 
England. Written informed consent and assent forms were signed from parents and 114 
participants accordingly and all participants completed the first visit at the research centre as 115 
part of the study. The methods and procedures of the study have been checked and approved 116 
by: 1) the Ethics Review Sector of Directorate-General of Research (European Commission, 117 
ref. number 618496); 2) the Sport and Health Sciences Ethics Committee (University of 118 
Exeter, ref. number 2014/766) and 3) the National Research Ethics Service Committee 119 
(NRES Committee South West – Cornwall & Plymouth, ref. number 14/SW/0060). 120 
Dual energy x-ray absorptiometry 121 
A dual energy X-ray absorptiometry (DXA) scanner (GE Lunar Prodigy Healthcare 122 
Corp., Madison, WI, USA) was used to measure aBMD (g/cm
2
), fat mass (g) and lean mass 123 
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(g) at specific regions of the body. Four scans were performed to obtain data for the lumbar 124 
spine (LS, L1-L4), bilateral proximal femora (the mean of both was used for the current 125 
analysis) and the total body. The total body scan was then used to obtain data for specific 126 
regions such as: arms, legs and total body less head (TBLH). All DXA scans and subsequent 127 
in-software analyses were completed by the same researcher, using the same DXA scanner 128 
and the GE encore software (2006, version 14.10.022). 129 
Hip structural analysis 130 
Hip geometry estimates at the FN were determined using HSA software which 131 
analyses the distribution of bone mineral mass in a line of pixels across the bone axis. The hip 132 
geometry estimates of the bone were obtained and the following variables used: 1) the cross 133 
sectional area (CSA, mm
2
), which is the total bone surface area of the hip excluding the soft 134 
tissue area and the trabecular bone; 2) the cross-sectional moment of inertia (CSMI, mm
4
), 135 
which is an index of structural rigidity and reflects the distribution of mass in the centre of a 136 
structural element; and 3) section modulus (Z, mm
3
), which is an indicator of maximum 137 
bending strength in a cross section. The short term precision percentage coefficient of 138 
variation of these variables has been reported to be between 2.4 % and 10.1 % (19). 139 
Anthropometry, physical activity and nutritional markers 140 
Stature (cm) and body mass (kg) were measured using a stadiometer (Harpenden, 141 
Holtain Ltd, Crymych, UK) and an electronic scale (Seca 877, Seca Ltd, Birmingham, UK), 142 
respectively. Body mass index was calculated as body mass (kg) divided by the stature (m) 143 
squared. Sexual maturation was self-reported using adapted drawings of the five stages 144 
(Tanner) of pubic hair (34). 145 
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Physical activity was measured for seven consecutive days using validated wrist 146 
accelerometers (GENEActiv, GENEA, UK) (7). Participants were instructed to place the 147 
accelerometer on their non-dominant wrist and data was collected at 100 Hz. Data were 148 
analysed using 1 s epoch to establish time spent in MVPA using a cut-off point of ≥ 1140 149 
counts per minute previously validated in youth (28). 150 
Total serum levels of calcium and 25 hydroxyvitamin D [25(OH)D] were analysed. 151 
Serum samples were analysed by using ELISA kits (Abbexa Ltd., Cambridge, UK) for 152 
25(OH)D and had a test range of 3 - 80 μg∙mL-1 and a sensitivity of 1.2 μg∙mL-1 (inter and 153 
intra-assay CVs: 5.7 % and 9.5 % respectively). Total serum levels of calcium was measured 154 
using direct colorimetric assay (Cayman Chemical Company, MI, U.S.A.) and had linear 155 
assay range of 0.25-10 mg∙mL-1 (inter and intra-assay CVs: 8.1 % and 12.8 % respectively). 156 
Physical fitness 157 
The fitness tests used in the present investigation have been shown to be reliable and 158 
valid in youth (26). A counter movement vertical jump test was used to provide an estimate 159 
of lower limb muscular power. The jumps were performed on a jump mat (Probotics Inc., 160 
Huntsville, USA) which calculates jump height based on flight time. Each participant 161 
performed three maximal vertical jumps and the highest jump was used for the analysis.  162 
Cardiorespiratory fitness was evaluated using the 20 m shuttle run test (21). The test 163 
ended when the participants failed to reach the line on two consecutive occasions. The last 164 
completed shuttle determined the score of the test and the number of shuttles completed was 165 
taken as an indicator of CRF. 166 
Statistical analyses 167 
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Data were analysed using SPSS IBM statistics (version 21.0 for Windows, Chicago, 168 
IL, USA) and descriptive data are reported as mean and standard deviation (SD). The normal 169 
distribution of the raw variables and of the regression model residuals was checked and 170 
verified using Shapiro-Wilk's test, skewness and kurtosis values, visual check of histograms, 171 
Q-Q and box plots. Collinearity was checked for the variables using the variance inflation 172 
factor (VIF) and tolerance levels. One way analysis of variance (ANOVA) with Bonferroni 173 
post hoc comparisons and Chi-Square tests were used to detect between-group mean 174 
differences for the descriptive variables (table 1). 175 
Multiple linear regression analyses were used to examine the contribution of sport 176 
participation, stature, lean mass, fat mass, total calcium, 25(OH)D, MVPA, vertical jump and 177 
20 m shuttle run test to bone outcomes. The selection of the predictors was based on their 178 
relationship with bone outcomes (22, 27, 32). To account for the differences between the 179 
sports groups a dummy variable was computed (footballers, swimmers, cyclists and controls) 180 
and controls were selected as the reference group.  In a preliminary analysis we found that 181 
Tanner stage was not a significant predictor after adjusting for stature and age and 182 
consequently was not included in the model. All remaining predictors were entered into the 183 
regression models simultaneously. For the multiple linear regressions, the standardised 184 
regression coefficients (β) are reported and significance was set at alpha level of 0.05. The 185 
squared semi-partial correlation coefficients (sr
2
) were used to determine the contribution of 186 
each predictor in the overall variance of the model after removing shared contributions with 187 
other predictors. 188 
Results 189 
(Table 1 here) 190 
Characteristics of the participants 191 
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The raw descriptive characteristics of the participants and the differences between 192 
sports groups are presented in Table 1. Swimmers were significantly older, taller, heavier and 193 
had more lean mass than the footballers and controls, and cyclists were significantly older 194 
than controls. All groups were similar for total serum calcium and 25(OH)D. Swimmers had 195 
significantly higher muscular and CRF than the controls. Footballers spent significantly more 196 
time in MVPA compared to swimmers and controls and had a significantly higher CRF 197 
compared to all the other groups. Cyclists had significantly higher MVPA than swimmers and 198 
significantly higher CRF than controls. 199 
The raw unadjusted data showed that swimmers had significantly higher aBMD at the 200 
arms compared to footballers and higher aBMD at all sites except for the legs compared to 201 
controls. Footballers had significantly higher aBMD at TBLH, FN compared to controls and 202 
higher aBMD at TH compared to all groups. Cyclists had significantly higher aBMD at all 203 
sites expect LS and legs compared to controls. Swimmers, footballers and cyclists had 204 
significantly enhanced hip geometry estimates compared to controls. 205 
 (Table 2 here) 206 
Determinants of bone density and hip geometry estimates 207 
 Multivariate regression models significantly explained 49.0% - 76.4% (on average, 208 
60.0%) of the variance in the aBMD outcomes (Table 2). Region specific lean mass and 209 
football participation were consistently the strongest significant predictors of aBMD at 210 
TBLH, LS, TH, legs and arms (β = 0.614 - 0.931, sr2 = 0.031 - 0.161, P < 0.01). Football 211 
participation (compared to the control group) was positively associated with aBMD at TBLH, 212 
FN, TH and legs (β = 0.304 - 0.579, sr2 = 0.031 - 0.068, P < 0.01). Stature was positively 213 
associated with aBMD at FN and arms (β = 0.235 - 0.380, sr2 = 0.021, P < 0.05). Region 214 
specific fat mass was positively associated with aBMD at TBLH (β = 0.189, sr2 = 0.015, P < 215 
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0.05). Serum calcium was positively associated with aBMD at the arms (β = 0.103, sr2 = 216 
0.009, P < 0.05). In addition, serum 25(OH)D was positively associated with aBMD at the 217 
arms and LS (β = 0.104 - 0.139, sr2 = 0.009, P < 0.05). Muscular fitness was positively 218 
associated with aBMD at TBLH and LS (β = 0.146 - 0.203, sr2 = 0.010 - 0.019, P < 0.05). 219 
CRF was not associated with aBMD outcomes at any skeletal site after accounting for the 220 
other predictors. 221 
(Table 3 here) 222 
In the multivariate regression analysis of the hip geometry estimates (Table 3) the 223 
predictors explained 71.7% - 77.8% (on average, 75.7%) of the variance. Region specific lean 224 
mass was the strongest significant predictor and was positively associated with CSA, CSMI 225 
and Z (β = 0.370 - 0.568, sr2 = 0.017 - 0.039, P < 0.05). Football participation (compared to 226 
the control group) was positively associated with CSA (β = 0.322, sr2 = 0.023, P < 0.01). 227 
Stature was positively associated CSA, CSMI and Z (β = 0.338 - 0.430, sr2 = 0.017 - 0.025, P 228 
< 0.001). MVPA was positively associated with CSMI and Z (β = 0.140 – 0.142, sr2 = 0.014, 229 
P < 0.05). CRF was positively associated with CSMI and Z (β = 0.183 – 0.207, sr2 = 0.011 – 230 
0.014, P < 0.05). 231 
Discussion 232 
The present study aimed to identify, for the first time, the determinants of aBMD and 233 
hip geometry estimates in adolescent male athletes involved in football, swimming and 234 
cycling. It has recently been shown that football has a beneficial impact on bone outcomes in 235 
comparison to cycling and swimming in adolescent males (38). However the determinants 236 
responsible for these differences are not known for this population. In support with our 237 
hypothesis, region specific lean mass was the primary explanatory variable on aBMD and hip 238 
geometry estimates at most sites of the skeleton. In addition, we found that only participation 239 
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in football was a significant predictor of aBMD and hip geometry estimates when contrasted 240 
to the control group. Finally, it was observed that modifiable factors such as nutrition status 241 
(calcium and vitamin D), MVPA and physical fitness (vertical jump and CRF) had a small 242 
but significant contribution to bone density and hip geometry estimates across specific sites 243 
of the skeleton. 244 
Determinants of bone mineral density 245 
The determinants explained an important significant variance of aBMD at different 246 
skeletal sites (49.0 % - 76.4 %, average 64.5 %) with previous findings in non-athletic 247 
population reporting that a similar model of determinants explained 40 % - 83 % of the 248 
variance in BMC in prepubertal girls (3). Region specific lean mass was consistently the 249 
strongest determinant of aBMD at TBLH, LS, legs and arms. A previous study in non-athletic 250 
boys and girls reported that total lean mass was the best predictor of total body and lumber 251 
spine aBMD, but they did not report the relationship with other sites of the skeleton (6). 252 
Another study in non-athletic children found that total lean mass was the strongest predictor 253 
of the aBMD at total body, and LS (16). However the study did not distinguished the site 254 
specific relationship of lean and bone mass which was considered in the present study. It is of 255 
great interest to understand the region specific relationship of lean mass and aBMD due to the 256 
site specific adaptation of the skeleton during external loading, specifically in athletic 257 
populations (2). It is still not clear to what extent fat mass is associated with aBMD in 258 
adolescents and especially after adjusting for confounding factors. In our study we found that 259 
region specific fat mass only had a positive association with TBLH aBMD, suggesting that 260 
after accounting for other covariates its influence on bone development in athletic male 261 
adolescents is negligible, perhaps due to the strong effect of region specific lean mass. In 262 
addition, an increase in fat mass in adolescent athletes can have a negative effect on their 263 
performance (36). 264 
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Football participation was positively associated with aBMD at TBLH, FN, TH and 265 
legs. There was no significant contribution of swimming and cycling in contrast to the control 266 
group on aBMD at any sites of the skeleton. The contribution of football on aBMD was 267 
independent of lean mass and is likely to be explained by the intermittent and high‐intensity 268 
characteristics of football that can produce high strains on the skeleton and stimulate bone 269 
mineral acquisition (35). The concentric contractions during football generate greater forces 270 
compared to cycling and swimming and this might explain the increased skeletal loading in 271 
this group (33). In addition, our findings show that stature was positively significant 272 
associated with aBMD at the arms and FN. Similarly with our results, previously it was found 273 
that stature had a weak and site specific relationship with BMC at different skeletal sites in 274 
non-athletic children (16). The movement characteristics of the sports practised seems to be 275 
important for bone acquisition and the present study found that football participation is one of 276 
the most important determinants, possibly because it includes high intensity concentric 277 
contractions that can enhance aBMD in adolescents.  278 
Both MVPA and nutrition (calcium and vitamin D) are considered to be essential for 279 
optimal bone growth, but their contribution was diminished once other factors (e.g. stature, 280 
lean mass, sports participation) were considered. In the present analysis we found that blood 281 
serum calcium and 25(OH)D had a small contribution on aBMD at the arms and only 282 
25(OH)D contributed to aBMD at LS. Previous findings indicated that dietary calcium and 283 
25(OH)D can have a weak, but significant contribution on specific sites of the skeleton in 284 
adolescents (22). The sites of the skeleton, such as arms, are less loaded through sport and 285 
nutritional factors may have a potential influence. The site specific relationship between 286 
nutrition and bone outcomes can be attributed to the interactions of nutrients in relation to 287 
bone health (17). In relation to the contribution of MVPA and fitness on aBMD, we found 288 
that vertical jump height was the only significant predictor of aBMD at TBLH and LS. These 289 
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findings show that overall MVPA does not appear to be important once participation in a 290 
particular sport is considered in the regression model. This suggests the characteristics of the 291 
sport practised and the contribution of lean mass mediates the relationship between fitness 292 
and bone outcomes (37).  293 
Determinants of hip geometry estimates 294 
 Using the HSA method we showed that the multiple regression model can explain a 295 
large proportion of the variance (71.7 % - 77.8 %, average 75.7 %) in geometrical parameters 296 
(CSA, CSMI, Z) at the narrow neck site of the hip. To the best of our knowledge, this is the 297 
first study examining the determinants of HSA outcomes in adolescent athletes. The strongest 298 
predictor for the geometrical parameters was the region specific lean mass followed by 299 
stature. The contribution of region specific lean mass was consistent for all the geometrical 300 
parameters. The findings of the present study highlight the influence of region specific lean 301 
mass on hip geometry estimates during adolescence which is linked with bone outcomes in 302 
young adulthood (2). Despite the lack of significant association between region specific lean 303 
mass and aBMD at the FN and TH, all the geometrical parameters of the narrow neck of the 304 
femur were significantly associated with region specific lean mass. This may reflect previous 305 
work in children and adolescents showing that HSA can provide more in depth geometrical 306 
evaluation at the hip site compared to BMD outcomes (27). In addition, studies using 307 
peripheral quantitative computed tomography (pQCT) found that muscle cross sectional area 308 
was the strongest predictor of bone strength parameters in early pubertal boys and girls (22). 309 
The latter study highlighted the importance of using site specific lean mass to understand its 310 
contribution to hip geometry estimates. On the other hand, region specific fat mass was not 311 
associated with any geometrical parameters and this is in agreement with findings in non-312 
athletic adolescent females indicating that fat mass was not associated with CSA (29). 313 
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Stature was associated with all hip geometry estimates showing that the size of an 314 
adolescent athlete plays an important role in modifying hip geometry estimates. A previous 315 
study reported that femoral length is one of the most important predictors of CSA and Z in 316 
female adolescents (3) highlighting the importance of bone length at the hip. In addition, 317 
football participation was associated with CSA in hip geometry estimates of female 318 
footballers (5). There was no contribution of swimming and cycling on geometrical 319 
parameters which is similar with the findings on aBMD outcomes. The different contribution 320 
of stature and football in geometrical parameters compared to aBMD parameters might be 321 
due to fact that we used stature and not femoral length to control for the size in geometrical 322 
parameters. Also, the estimated geometrical parameters might not be affected from the 323 
external loading that football applies at the narrow neck site and higher forces might be 324 
needed (20). 325 
All groups of the present study had similar serum levels of calcium and vitamin D and 326 
there was no association found between serum levels of calcium and vitamin D and 327 
geometrical bone outcomes, which is consistent with no contribution of hip related aBMD 328 
outcomes in the present study. In contrast, MVPA was a significant predictor of CSMI and Z 329 
independent of the sport participation suggesting that MVPA might induce changes in 330 
geometrical parameters and not aBMD due to mechanical stimuli applied at the hip site (23). 331 
The association between MVPA and bone outcomes was evident for the geometrical 332 
parameters but not for the aBMD parameters. This may be explained by previous findings 333 
showing that geometrical adaptations can occur before the adaptation of aBMD outcomes due 334 
to the initial respond inside the bone to the change in external strains (14, 40). CRF was a 335 
significant predictor of CSMI and Z after accounting for all the other predicting determinants, 336 
but there was no association with vertical jump. The different associations between fitness 337 
parameters and MVPA with aBMD and the geometrical parameters might be attributed to the 338 
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sensitivity of the geometrical parameters of the hip to detect changes (19). The bone structure 339 
at the hip and specifically CSA site might be associated with CRF due to the use lower leg 340 
muscle units during the sport specific movements. The training characteristics are dominant 341 
in the present study and our population was at the 75
th
 percentile for CRF compared to same 342 
age and ethnicity matched population (30). 343 
Limitations 344 
 To our knowledge, this is the first study conducted in adolescent male athletes to 345 
examine the determinants of aBMD and hip geometry estimates. A large list of predictors has 346 
been included and their effects have been adjusted by each other. In addition, the present 347 
study uses region specific lean mass as predictor of aBMD and hip geometry estimates due to 348 
the site specific adaptations of the skeleton during exercise and growth (18). The cross-349 
sectional analysis of the present study is a limitation and cannot prove cause and effect 350 
between the determinants and bone outcomes studies. In spite of using DXA as a surrogate 351 
estimate of lean mass due to the 2 component model, DXA-derived lean mass has been found 352 
to be highly correlated (r = 0.82) with muscle cross sectional area measured by pQCT (27).  353 
Conclusions 354 
 The present study has shown, for the first time, the determinants of aBMD and hip 355 
geometry estimates in adolescent male athletes. Region specific lean mass was consistently 356 
the most important determinant of aBMD and hip geometry estimates parameters in 357 
adolescent male athletes. Football participation and stature were found to be important 358 
determinants for the aBMD and HSA parameters, respectively. Calcium and 25(OH)D had a 359 
small site specific contribution only on aBMD. MVPA and CRF positively influenced only 360 
the geometrical parameters and vertical jump was associated with aBMD parameters. Studies 361 
focusing on bone outcomes of young athletes should account for the region specific lean mass 362 
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differences due to the site-specific adaptations of the skeleton to external loading. Future 363 
practical approaches of sports clubs should include weight-bearing and muscle strengthening 364 
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Age (yrs) 13.1 (1.0) 13.4 (1.0)
b,dd
 12.8 (0.9) 13.2 (1.0)
d
 12.3 (0.5) 
Stature (cm) 159.9 (10.6) 165.5 (9.7)
bb,d
 155.2 (9.3) 160.8 (9.9) 154.5 (9.9) 
Pubertal maturation  
(I/II/III/IV/V) (%) 
(18/29/21/30/2) (13/25/13/46/3) (24/35/25/16) (13/28/28/28/3) (29/21/21/29) 
Body composition  
Body mass (kg) 48.7 (10.4) 52.4 (9.0)
bb
 44.3 (7.9) 49.5 (12.3) 48.3 (13.0) 
BMI (kg/m
2
) 18.9 (2.3) 19.0 (1.7) 18.3 (1.4) 18.9 (3.3) 20.0 (3.4) 
Lean mass (kg) 37.6 (8.4) 41.6 (9.1)
b,dd
 35.4 (7.2) 37.7 (7.5) 31.7 (5.5) 
Fat mass (kg) 8.5 (5.5) 8.3 (3.2) 6.6 (2.4) 8.6 (7.2) 14.1 (8.5)
a,bb,c
 
Micronutrient status  
Total Calcium (mg/dl) 9.98 (0.41) 10.01 (0.46) 9.97 (0.4) 9.94 (0.41) 10.0 (0.35) 
25 (OH)D (μg/l) 14.13 (1.25) 13.75 (1.19) 14.44 (1.63) 14.38 (0.58) 13.92 (0.94) 
Physical activity and fitness  




 83.2 (26.8) 




 41.0 (6.8) 35.9 (5.8) 






 31.8 (16.1) 




 5.1 (2.1) - 
Bone  mineral density 
(DXA) 
 
TBLH BMD (g/c m
2






 0.828 (0.071) 
Lumbar Spine BMD (g/cm
2
) 0.872 (0.112) 0.892 (0.114)
d
 0.883 (0.095) 0.867 (0.122) 0.791 (0.101) 
Femoral Neck BMD (g/c m
2






 0.832 (0.118) 
Total Hip BMD (g/c m
2






 0.830 (0.116) 
Legs BMD (g/c m
2
) 1.084 (0.113) 1.091 (0.010) 1.124 (0.106) 1.077 (0.116) 0.975 (0.103) 
Arms BMD (g/c m
2
) 0.750 (0.068) 0.784 (0.071)
b,dd
 0.736 (0.047) 0.747 (0.069)
d
 0.690 (0.049) 
Bone geometry (HSA)  
CSA (mm
2






 109.8 (21.0) 
Z (mm
3






 395.0 (123.4) 
CSMI (mm
4






 6020.7 (2673) 
Values presented as mean ± SD. BMD: Bone mineral density, BMI: Body mass index, CRF: Cardiorespiratory fitness, CSMI: 
Cross sectional moment of inertia, CSA: Cross sectional area, DXA: Dual-energy X-ray absorptiometry, MVPA: Moderate to 
vigorous physical activity, Z: section modulus, 25(OH)D: 25-hydroxyvitamin D. 
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Table 2. Multiple regression models for aBMD variables in adolescent male athletes 

















































































































































































































































































































β: standardised regression coefficient, aBMD: Areal bone mineral density,  CRF: Cardiorespiratory fitness, MVPA: 






Table 3. Multiple regression models for bone geometry estimates in adolescent male athletes 


























































































































































     
β: standardised regression coefficient, aBMD: Areal bone mineral density,  CRF: Cardiorespiratory fitness, MVPA: 
Moderate to vigorous physical activity,  sr2:  Squared semi-partial correlation coefficients, 25(OH)D: 25-
hydroxyvitamin D. 
 
